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bstract
Dileptid and tracheliid ciliates have been traditionally classified within the subclass Haptoria of the class Litostomatea.
owever, their phylogenetic position among haptorians has been controversial and indicated that they may play a key role
n understanding litostomatean evolution. In order to reconstruct the evolutionary history of dileptids and tracheliids, and to
nravel their affinity to other haptorians, we have used a cladistic approach based on morphological evidence and a phylogenetic
pproach based on 18S rRNA gene sequences, including eight new ones. The molecular trees demonstrate that dileptids and
racheliids represent a separate subclass, Rhynchostomatia, that is sister to the subclasses Haptoria and Trichostomatia. The
hynchostomatia are characterized by a ventrally located oral opening at the base of a proboscis that carries a complex oral
iliature. We have recognized two orders within Rhynchostomatia. The new order Tracheliida is monotypic, while the order
ileptida comprises two families: the new, typically bimacronucleate family Dimacrocaryonidae and the multimacronucleate
amily Dileptidae. The Haptoria evolved from the last common ancestor of the Litostomatea by polarization of the body, the oral
pening locating more or less apically and the oral ciliature simplifying. The Trichostomatia originated from a microaerophylic
aptorian by further simplification of the oral ciliature, possibly due to an endosymbiotic lifestyle.
2011 Elsevier GmbH.
eywords: 18S rRNA gene; Apodileptus; Cladistics; Monomacrocaryon; Rhynchostomatia; Trachelius
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Open access under CC BY-NC-ND license.ntroductionThe first dileptid ciliate was discovered by Müller (1773)
mong duckweed (Lemna) in freshwater from Denmark.
∗Corresponding author. Tel.: +421 2 602 96 256; fax: +421 2 602 96 333.
E-mail address: vdacny@fns.uniba.sk (P. Vd’acˇny´).
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Open access under CC BY-NC-ND license.ixty-eight years later, Dujardin (1841) assigned Müller’s
nd two other nominal species to a new genus, Dileptus,
efined by two gradually narrowing body ends representing
proboscis and a tail. The proboscis, the most characteristiceature of dileptids and tracheliids, has fascinated not only
arly protistologists (e.g., Claparède and Lachmann 1859;
hrenberg 1838; Penard 1922; Schewiakoff 1896; Schrank
803; Wrzes´niowski 1870), but also more recent researchers
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amplification primers and two internal primers. Sequencing
of two Pelagodileptus trachelioides specimens was per-
formed on an ABIPRISM 310 Genetic Analyzer (for details,96 P. Vd’acˇny´ et al. / European Jour
ho have been particularly interested in its regeneration
e.g., Golin´ska 1974, 1978) and development (Golin´ska 1995;
d’acˇny´ and Foissner 2009). Moreover, the name-bearing
ype genus Dileptus has become a model organism in a num-
er of studies on regulation of ciliary pattern (Golin´ska 1982,
983), conjugation (Golin´ska and Afon’kin 1993; Vd’acˇny´
nd Foissner 2008a; Vinnikova 1974a, 1974b, 1976; Visscher
927), ontogenesis (Golin´ska 1995; Vd’acˇny´ and Foissner
009), and food acquisition (Dragesco 1962; Dragesco and
étain 1948; Visscher 1923) in ciliates.
Kahl (1931) and Dragesco (1963) produced the first
uthoritative taxonomic studies on dileptids and tracheli-
ds, recognizing about 50 species grouped in three genera,
ileptus, Paradileptus, and Trachelius. Based solely on the
acronuclear pattern, Jankowski (1967) split the largest
enus, Dileptus, into three subgenera: Dileptus with dis-
ersed nodules; Dimacrocaryon with two nodules and a
ingle micronucleus in between; and Monilicaryon with
moniliform macronucleus. Foissner (1984, 1997) and
oissner et al. (1999) redefined Jankowski’s subgenera
ccording to peculiarities of their ciliary patterns and oral
tructures, raising them to generic level and establishing
hree further genera, Pelagodileptus, Pseudomonilicaryon,
nd Rimaleptus.
Corliss (1979) assigned dileptids and tracheliids to the
aptoria which now belong to the class Litostomatea (Lynn
008). Like all other haptorians, dileptids and tracheliids
re predators with toxicysts that are used to immobilize and
ill the prey (e.g., ciliates or microscopic metazoans, such
s rotifers). Further, some of their ciliary rows are ante-
iorly differentiated into a so-called dorsal brush, a field
f short and inflated cilia possibly with sensoric function
Golin´ska 1982). However, their oral ciliature is much more
omplex than in other haptorians, i.e., the right branch of
he circumoral kinety is accompanied by a perioral kinety,
hile the left branch is associated with many short, oblique
reoral kineties (e.g., Foissner 1984, 1997; Foissner et al.
002; Golin´ska 1991; Grain and Golin´ska, 1969). Accord-
ngly, Foissner and Foissner (1988) classified dileptids and
racheliids in a separate suborder, Dileptina, within the order
aptorida. Jankowski (1980) even suggested a separate sub-
lass, Rhynchostomata, with a single order, Dileptida. On the
ther hand, Lynn and Small (2002) and Lynn (2008) remained
onservative, assigning only a family rank to dileptids.
The phylogenetic position of dileptids within the subclass
aptoria became controversial when their first 18S rRNA
ene sequence was published because it classified them basal
o all other haptorians (Strüder-Kypke et al. 2006). Morphol-
gists questioned this result due to morphological complexity
f dileptids, suggesting that they originated from spathidiid
aptorians by developing a proboscis (Vd’acˇny´ and Foissner
008a, 2009; Xu and Foissner 2005). In order to overcome
his problem and reconstruct the evolutionary history of
ileptids and tracheliids, we combine a traditional cladistic
pproach with a molecular phylogenetic approach based on
ight new 18S rRNA gene sequences. srotistology 47 (2011) 295–313
aterial and Methods
ollection and sample processing
Eight species from all main rhynchostomatian lineages
ere sampled in order to reconstruct the 18S rRNA gene
volution of dileptids and tracheliids, and to reveal their phy-
ogenetic position within the class Litostomatea (Table 1).
ost species sequenced were collected from floodplain
oils cultivated using the non-flooded Petri dish method
escribed in Foissner et al. (2002). Trachelius ovum occurred
n the periphyton of a pond at Salzburg University, Austria.
elagodileptus trachelioides was found in the plankton of
ake Biwa in Japan. Species were identified using live obser-
ation and protargol impregnation (Foissner 1991). Between
wo and five hundred cells were picked with a micropipette,
ashed at least twice in water to remove contaminants, and
ransferred into 180l ATL buffer (Qiagen, Hildesheim, Ger-
any). Samples were stored at +1 to +3 ◦C pending DNA
xtraction.
NA extraction, PCR ampliﬁcation, and
olecular cloning
Prior to DNA extraction, Proteinase K 20l (20 mg/ml)
as added and the samples were incubated at 56 ◦C for 1 h.
enomic DNA was extracted using a DNeasy Blood and Tis-
ue kit (Qiagen, Valencia, CA, USA) or the modified chelex
rotocol (Strüder-Kypke and Lynn 2003). The 18S rRNA
ene was amplified using the universal forward and reverse
ukaryotic primers EukA and EukB (Medlin et al. 1988). The
mplification reaction contained 10–20 ng of DNA template,
.5 U HotStar Taq DNA polymerase (Qiagen, Valencia, CA,
SA) in the manufacturer-provided reaction buffer, 200M
f dNTP, and 0.5M of each oligonucleotide primer. The
nal volume was adjusted to 50l with sterile distilled water.
he thermocycler program for 18S rRNA gene amplifica-
ion consisted of an initial hot start incubation of 15 min at
5 ◦C followed by 30 identical amplification cycles (dena-
uring at 95 ◦C for 45 s, annealing at 55 ◦C for 1 min, and
xtension at 72 ◦C for 2.5 min), and a final extension at
2 ◦C for 10 min. Amplified DNA was checked for quality by
garose gel electrophoresis. The resulting PCR products were
loned into the vector plasmid (pCR 2.1) using the TOPO TA
loning kit (Invitrogen, Carlsbad, CA, USA). Recombinant
lasmids were sequenced bi-directionally using M13 forward
nd reverse primers supplied with the kit and an internal
rimer Euk528F (Elwood et al. 1985) at Beckman Coul-
er Genomics (Danvers, MA, USA) to obtain the full-length
8S rRNA gene sequences. The 18S rRNA gene PCR prod-
cts for Rimaleptus microstoma were directly sequenced at
equetech Corporation (Mountainview, CA, USA) using theee Shimano et al. 2008).
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Table 1. Origin and characterization of new 18S rRNA gene sequences of rhynchostomatians (arranged alphabetically).
Taxon Collection site Culture
conditiona
No. of cells
picked
No. of clones
sequenced
Average pairwise
distance between
clones (%)
Sequence
length
GB accession
number
Dileptus costaricanus Foissner, 1995 Botswana, floodplain soil NFP 10 21 0.21 1641 HM581679
Dileptus cf. jonesib Austria, Salzburg,
ephemeral pond
NFP 50 19 0.24 1640 HM581678
Monomacrocaryon terrenus (Foissner, 1981)
comb. n.
Upper Austria, soil NFP 200 18 0.19 1639 HM581674
Rimaleptus microstomac (Vd’acˇny´ and Foissner
2008b) comb. n.
USA, Idaho, Boise,
floodplain soil
NFP 30 – – 1642 HM581676
Rimaleptus mucronatus (Penard, 1922) comb. n. USA, Idaho, Boise,
floodplain soil
NFP 70 15 0.35 1639 HM581675
Pelagodileptus trachelioidesc (Zacharias, 1894)
Foissner et al., 1999
Japan, Shiga, Lake Biwa ES 5 – – 1608d AB558117
Pseudomonilicaryon fraterculume USA, Idaho, Boise,
floodplain soil
NFP 15 19 0.17 1640 HM581677
Trachelius ovum (Ehrenberg, 1831) Ehrenberg,
1833
Austria, Salzburg,
University pond
ES 7 21 0.22 1636 HM581673
aES – environmental sample, NFP – non-flooded Petri dish culture.
bDiffers from D. jonesi Dragesco, 1963 by the lack of ability to form a caudal mucous attachment thread.
cPCR products sequenced directly.
dPartial sequence.
eThe original description will be published in our monograph on dileptids in the Acta Protozoologica. To avoid nomenclatural problems we disclaim the name for nomenclatural purposes (Article 8.3 of the
ICZN 1999).
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Table 2. Characters, character states, and coding used for the cladogram shown in Fig. 3. For distribution of character states in the taxa, see
Table 3.
No. Character Plesiomorphic Apomorphic
1 Structure of circumoral kinety Dikinetidal (coded 0) Hybrid (coded 1)
2 Preoral kineties Oblique (coded 0) Aligned to a perioral-like kinety (coded 1)
3 Number of perioral kineties 1 (coded 0) 2 (coded 1)
4 Localization of oral bulge opening Ventral (coded 0) Ventrolateral and inverted (coded 1)
Apical (coded 2)
5 Shape of oral bulge opening Roundish (coded 0) Narrowly elliptical (coded 1)
6 Oral basket lined with granules No (coded 0) Yes (coded 1)
7 Shape of internal oral basket Obconical (coded 0) Club-shaped (coded 1)
Bulbous (coded 2)
8 Number of macronuclear nodules 1 (coded 0) 2 (coded 1)
≥4 (coded 2)
9 Macronuclear pattern Mononucleate (coded 0) Binucleate (coded 1)
Moniliform (coded 2)
Multinucleate, scattered (coded 3)
10 Division mode of macronucleus Ordinary mode (coded 0) Apodileptus mode (coded 1)
Dileptus mode (coded 2)
11 Contractile vacuole pattern One terminal vacuole (coded 0) Dorsal stripe (coded 1)
Many scattered vacuoles (coded 2)
12 Lateral fossa Absent (coded 0) Present (coded 1)
13 Dorsal brush pattern Isoarchistichad (coded 0) Anisoarchistichad (coded 1)
14 Number of dorsal brush rows 3 (coded 000) 1 (coded 011)
2 (coded 100)
≥4 (coded 010)
15 Habitat Periphyton (coded 0) Benthal (coded 1)
Soil (coded 2)
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aequence processing and alignments
The sequence fragments were imported into Chromas
er. 2.33 (Technelysium Pty Ltd), checked for data qual-
ty and trimmed at the 5′ and 3′ ends. Trimmed sequences
ere assembled into contigs using BioEdit (Hall 1999).
he consensus sequences, based on sequences from 15
o 21 clones, were created in BioEdit with an inclusion
hreshold frequency of 90% identity (Table 1). These con-
ensus sequences were subsequently aligned to litostomatean
8S rRNA gene sequences available in the ARB-package
Ludwig et al. 2004). The alignment was manually corrected
ccording to the secondary structural features of the 18S
RNA molecule. Ambiguously aligned and hyper variable
egions were masked, using a sequence alignment filter cre-
ted for the alignment in ARB.
hylogenetic analyses
To determine the phylogenetic position of the newly
equenced species within the class Litostomatea, we ana-
yzed an 18S rRNA gene sequence alignment containing
442 unambiguously aligned nucleotide characters of 37
hynchostomatian, haptorian and trichostomatian taxa. A sec-
nd alignment comprised 1635 nucleotide characters of nine
ileptid and tracheliid taxa and served to reveal in-group
d
b
n
wPelagial (coded 3)
hylogenetic relationships. Modeltest (Posada and Crandall
998) was employed to find the model of nucleotide substi-
ution that best fit data. The general time reversible model
ith invariable sites and gamma distribution (GTR + I + Γ )
as chosen for the first alignment, while the second tran-
ition model considering invariable sites and a gamma
istributed substitution rate among sites (TIM2 + I + Γ ) was
ound for the second alignment. Bayesian inference (BI)
rees were computed in MrBayes (Ronquist and Huelsenbeck
003), using the models suggested by Modeltest and the
arkov Chain Monte Carlo (MCMC) algorithm. The reli-
bility of branching pattern was assessed by four chains
unning 5,000,000 generations. Trees were sampled every
000 generations. The first 25% of sampled trees were
onsidered burn-in trees and were discarded prior to tree
econstruction. A 50% majority rule consensus of the remain-
ng trees was used to calculate posterior probability (PP).
he maximum likelihood (ML) analysis was implemented
n the CIPRES Portal V 1.15 (http://www.phylo.org), using
AxML with settings as described in Stamatakis et al. (2008).
he maximum parsimony (MP) and neighbour-joining (NJ)
nalyses were carried out in PAUP* ver. 4.0b8 with ran-
omly added species and tree bisection-reconnection (TBR)
ranch-swapping algorithm in effect (Swofford 2003). A
eighbour-joining (NJ) tree was constructed in ML distance
ith settings as suggested by Modeltest. Support for ML, MP
P. Vd’acˇny´ et al. / European Journal of P
Table 3. Distribution of characters and their coding in the taxa for
the computer programs MrBayes and PAUP*. For characters and
character states, see Table 2. Explanations: ? = not known, – = not
applicable.
Taxa Characters
1–7 8–10 11 12–14 15
Trachelius 0000001 000 2 10000 0
Monomacrocaryon 1000000 000 2 01010 2
Dimacrocaryon 100011? 110 1 01100 2
Rimaleptus 1000002 110 1 01100 2
Monilicaryon 1100000 220 1 01011 1
Pseudomonilicaryon 1000000 220 1 01010 2
Paradileptus 1011000 220 2 01010 3
Pelagodileptus 1010100 220 2 01010 3
Apodileptus 1000000 231 1 01010 1
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of the opening faces the anterior end of the cell (see above).ileptus 1000000 232 2 01010 1
pathidium (outgroup) 0– –2000 000 0 00000 2
nd NJ analyses came from 1000 bootstrap replicates using
euristic searches.
ladistic analyses
Morphological evolution of dileptids and tracheliids was
nalyzed using a Hennigian argumentation method (Hennig
966) as well as the computer programs MrBayes and
AUP*. The genus Spathidium was chosen as the outgroup
ecause it is morphologically nearest to dileptids and trache-
iids, and belongs to the subclass Haptoria, which is a sister
roup of the Rhynchostomatia (Vd’acˇny´ et al. 2011; Xu and
oissner 2005; present study). The characters and charac-
er states are summarized in Table 2, and their distribution
n the taxa is given in Table 3. The computed trees were
ased on ordered states in the characters 8–11. Multistate
haracters were coded according to Lipscomb (1992). All
haracters were equally weighted. As concerns polymorphic
haracters (e.g., contractile vacuole pattern or number of dor-
al brush rows), the “majority rule” was applied which codes
polymorphic genus as having the trait that is most com-
on among its species (Wiens 2000). Nodal support in the
ayesian tree came from posterior probability using one mil-
ion generations and trees sampled every 1000 generations.
he reliability of internal branches in the MP cladogram was
ssessed using the bootstrap method with heuristic search
ncluding 100 replicates. Bremer indexes of the individual
lades were calculated by PRAP (Müller 2004) in combi-
ation with PAUP* using parsimony ratcheting with default
ettings.
esults and Discussion
haracters and character statesThe cladistic analyses are based on five groups of diagnos-
ic and phylogenetically informative characters in dileptids
W
e
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nd tracheliids: the morphology of the oral apparatus (charac-
ers 1–7), pattern and division mode of the nuclear apparatus
characters 8–10), contractile vacuole pattern (character 11),
atterns of the somatic ciliature (characters 12–14), and habi-
at (character 15). The characters and character states are
ummarized in Table 2, and their distribution is given in
able 3.
Character 1: Structure of circumoral kinety. The out-
roup has a circumoral kinety composed exclusively of
ikinetids. This state is maintained in only a single rhyn-
hostomatian genus, Trachelius. All other rhynchostomatians
isplay a unique, highly derived state, i.e., a hybrid circu-
oral kinety composed of dikinetids in the proboscis and
ral monokinetids associated with nematodesmata around the
ral bulge opening (e.g., Golin´ska 1991, 1995). Interestingly,
ematodesmata-bearing monokinetids (so-called “oralized
omatic monokinetids”) also occur in the acropisthiids and
nchelyine haptorians (Foissner and Foissner 1985, 1988),
here they are not part of a circumoral kinety, but are local-
zed in the anterior portion of the somatic ciliary rows and
ear nematodesmata forming the external oral basket.
Character 2: Preoral kineties. The left branch of the
ircumoral kinety is associated with many short, oblique
reoral kineties in all rhynchostomatian genera (Fig. 1g),
onilicaryon being an exception, displaying instead a sin-
le perioral-like kinety (Foissner 1997). However, this kinety
ery likely originates from a linear arrangement of many short
reoral kineties. We base this assumption on the pattern of
everal “typical” dileptids in which the preoral kineties are so
trongly oblique that they almost form a single, perioral-like
inety, e.g., in Rimaleptusmicrostoma (Vd’acˇny´ and Foissner
008b).
Character 3: Perioral kinety. In almost all rhynchos-
omatian genera, the right branch of the circumoral kinety
s accompanied by a single, densely ciliated perioral kinety
Fig. 1f). Two perioral kineties side by side, in addition to the
ircumoral kinety, represent a derived state occurring only in
specialized group of planktonic dileptids, viz., Paradilep-
us and Pelagodileptus (Foissner et al. 1999), where many
ensely spaced cilia might increase the efficiency of food
cquisition.
Character 4: Localization of oral bulge opening. The
ral bulge opening is on the ventral surface at the base of
he proboscis in most rhynchostomatians (Fig. 1a). Only in
aradileptus is the opening on the left side and rotated by
pproximately 180◦ (Wenrich 1929). Obviously, this is a
erived state.
Character 5: Shape of oral bulge opening. Three vari-
nts can be distinguished. Roundish openings occur in many
aptorians and most rhynchostomatians, suggestive of a ple-
iomorphic state. In the genus Paradileptus, the roundish
ral bulge opening became inverted, i.e., the posterior endhen the roundish opening is stretched, a more or less
lliptical pattern is formed as found in the generaPelagodilep-
us and Dimacrocaryon, but also in Pseudomonilicaryon
300 P. Vd’acˇny´ et al. / European Journal of Protistology 47 (2011) 295–313
Fig. 1. (a–g) Main features of rhynchostomatians in vivo (b), after protargol impregnation (d–g), and in the scanning (a) and transmission
(c) electron microscope. From Foissner et al., 1995 (d, f, g) and originals (a–c, e). (a) Monomacrocaryon terrenus, overview showing general
body organization. (b–e) There are four basic nuclear patterns: a cylindroidal macronucleus with a single micronucleus in Monomacrocaryon
(b); two macronuclear nodules with a single micronucleus in between in Dimacrocaryon (c); many macronuclear nodules and micronuclei
scattered throughout cytoplasm in Dileptus (d); and a moniliform macronuclear strand with several micronuclei in Pseudomonilicaryon (e).
(f, g) Dileptus margaritifer, right and left side view of oral ciliary pattern. CK – circumoral kinety, E – extrusomes, MA – macronucleus
(nodules), MI – micronucleus, OB – oral bulge, OO – oral bulge opening, PE – perioral kinety, PR – preoral kineties. Scale bars: 5m (c, d),
20m (e–g), and 30m (a, b).
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ngustistoma (Foissner 1984; Foissner et al. 1999, 2002).
he occurrence of elliptical to very narrowly elliptical oral
penings in several, possibly fairly distantly related gen-
ra indicates that this feature evolved convergently several
imes.
Character 6: Oral basket. Nine out of the ten rhynchos-
omatian genera have a distinct oral basket composed of
ong rods (nematodesmata) like in many other haptorians.
owever, in Dimacrocaryon, the basket rods are so fine that
hey are recognizable only with TEM (unpubl. observations).
dditionally, the oral basket is lined with highly refractive
ranules, thus appearing in vivo as a conspicuous oral sac
Foissner 1984). This state is considered an apomorphy.
Character 7: Shape of internal oral basket. The oral
pparatus is composed, inter alia, of an internal and external
asket. The nematodesmata of the external basket originate
rom the basal bodies around the oral bulge opening and form
conical structure. The internal basket is formed by laminar
ransverse microtubule arrays embedded in fibrillar material
Grain and Golin´ska, 1969). Three shape variants of the inter-
al oral basket evolved: obconical, club-like, and bulbous.
he obconical internal basket is common in haptorians and
ost rhynchostomatians, indicating it as the ancestral state.
rachelius has a strongly developed, long, club-shaped inter-
al basket, while that of most Rimaleptus species is short and
ulbous.
Characters 8 and 9: Nuclear pattern. Jankowski (1967)
rst recognized the number and arrangement of the macronu-
lear nodules as a very stable feature of high cladistic
ignificance in dileptids. The molecular data from several
eterotrichs, such as Blepharisma and Stentor, suggest the
onomacronucleate state is ancestral (Schmidt et al. 2007;
hamm et al. 2010). This is sustained during the ontogene-
is where a monomacronucleate pattern occurs transiently
ven in species with two or several macronuclear nod-
les (Golin´ska 1965; Penard 1922; Vd’acˇny´ and Foissner
009). When Haeckel’s ontogenetic principle is applied, the
onomacrocaryon pattern should be considered to be the
lesiomorphic state. Further, the Monomacrocaryon pattern
s quite common in haptorids in general and in the outgroup
n particular.
Four macronuclear patterns can be distinguished, each con-
idered to define a distinct genus. The number and pattern of
he micronuclei is correlated with the macronucleus, and thus
ill not be used in the cladistic analysis.
Monomacrocaryon pattern (Fig. 1b): The macronucleus
as a more or less long rod shape, sometimes slightly to
arkedly constricted in the middle. This pattern occurs only
n Trachelius and Monomacrocaryon.
Dimacrocaryon pattern (Fig. 1c): Two oblong nodules
ith a single micronucleus in between occur in two dilep-
id genera, viz., Dimacrocaryon and Rimaleptus. Rarely,
onomacrocaryon has a rather pronounced constriction in
he mid-portion of the macronucleus with a single micronu-
leus close to it, showing how the binucleate state may have
volved.
t
t
s
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Monilicaryon pattern (Fig. 1e): At least four serially
rranged nodules form a moniliform or distinctly nodu-
ated strand. This pattern has been found in four possibly
losely related genera, viz., Monilicaryon, Pseudomonili-
aryon, Pelagodileptus, and Paradileptus. A moniliform
acronucleus very likely evolved from the Dimacrocaryon
attern by doubling the nodule number. Thus, in the first step
chain of four nodules was generated, still present in some
pecies (e.g., Pseudomonilicaryon edaphoni, P. aculeatum)
nd highly characteristic for early exconjugants (Vd’acˇny´
nd Foissner 2008a; Vinnikova 1974a; Visscher 1927). Later,
urther divisions added more nodules.
Dileptus pattern (Fig. 1d): Usually more than 50 small,
blong nodules scattered in the trunk. This pattern is typical
or two genera, viz., Dileptus and Apodileptus gen. n. The
ileptus pattern very likely evolved from the Monilicaryon
attern by fragmentation of the moniliform macronuclear
trand. This hypothesis is supported by the conjugation data.
n ex-conjugants of Dileptus margaritifer, four macronuclear
nlagen transiently form a Monilicaryon pattern. Later, the
nlagen divide amitotically generating hundreds of scattered
odules (Visscher 1927).
Character 10: Division mode of macronucleus (Fig. 2).
hree division modes occur, the first mode being most
idespread in ciliates and thus considered as plesiomorphic
Raikov 1996).
Monomacrocaryon mode: In mid-dividers, the macronu-
leus condenses to a globular mass that becomes a long rod
hat divides into two oblong pieces (Vd’acˇny´ and Foissner
009). Two modifications of this mode evolved: (i) in the
inucleate dileptids, the condensed mass divides twice gen-
rating two nodules each in the proter and opisthe, while (ii)
n dileptids with moniliform macronucleus, the mass divides
nce into two oblong pieces which elongate and become
odulated (Golin´ska 1965).
Apodileptus mode: In mid-dividers, the many scattered
acronuclear nodules fuse to a globular mass that divides
nto two pieces. In post-dividers, each piece becomes a short
trand and later a three-dimensional reticulum that fragments
nto many nodules (unpubl. observations), as in multinucleate
pathidiids and fuscheriids (Foissner et al. 2002; Gabilondo
nd Foissner 2009).
Dileptus mode: In the multinucleate genus Dileptus,
ach nodule divides individually (Golin´ska 1971; Hayes
938; Jones 1951). This is a rare mode occasionally found
lso in multinucleate hypotrichs, specifically, in the genus
seudokeronopsis, where this character is considered apo-
orphic and defines the subfamily Pseudokeronopsinae
Berger 2006).
Character 11: Contractile vacuole pattern. Most hap-
orids and spathidiids possess a single, terminal contractile
acuole, while all described rhynchostomatians have at least
wo, one each in the anterior and posterior half of the
runk. However, there is a second dorsal vacuole in some
pathidiids, e.g., Arcuospathidium bulli (Foissner 2000) and
pathidium faurefremieti (Foissner 2003), suggesting a bi- or
302 P. Vd’acˇny´ et al. / European Journal of Protistology 47 (2011) 295–313
Fig. 2. Division modes of macronucleus in rhynchostomatians.
nal of P
m
t
a
d
v
d
s
r
o
i
(
h
a
a
s
b
a
a
h
o
t
1
r
a
i
s
s
a
s
o
n
a
c
1
t
h
t
(
v
p
t
p
i
b
o
e
a
p
fi
c
t
t
o
s
a
t
2
1
1
H
t
e
d
s
m
t
b
n
t
c
a
p
D
p
l
a
i
p
o
(
b
i
w
F
c
T
(
n
o
p
(
T
(
w
vP. Vd’acˇny´ et al. / European Jour
ultivacuolate ancestor of rhynchostomatians. We suppose
hat the first derived state is a dorsal row (stripe) of vacuoles
nd the second derived state is a stripe of vacuoles each in the
orsal and ventral side of the cell. The cladogram shows that
arious contractile vacuole patterns evolved convergently in
ileptids, and thus the feature is of significance mainly at
pecies level.
Character 12: Right side fossa. This concavity, sur-
ounded and lined by narrowly spaced kineties, is present
nly in Trachelius (Ehrenberg 1838; Foissner 1997).
Character 13: Dorsal brush pattern. In the outgroup and
n Trachelius, the brush rows start at the same level anteriorly
i.e., isoarchistichad type), while all other rhynchostomatians
ave a staggered brush with the rows gradually shortened
nteriorly from left to right (i.e., anisoarchistichad type). The
nisoarchistichad type is not caused by simple spatial con-
traints since there is sufficient space available for full-length
rush rows in both the large species and in the small ones with
two-rowed brush. Thus, the staggered brush is considered
s an apomorphy.
Character 14: Number of dorsal brush rows. In many
aptorids and most spathidiids, the dorsal brush is composed
f three rows, a pattern found in only one rhynchostoma-
ian genus, viz., Trachelius (Foissner 1997; Song and Wilbert
989). All other rhynchostomatians have one, two or many
ows. In the two-rowed species, such as Dimacrocaryon
mphileptoides, a third row may be present in some spec-
mens (Foissner 1984), possibly a vestige of the ancestral
tate. In accordance with Foissner et al. (2002), we con-
ider a lower or higher number than three brush rows as
pomorphic.
Character 15: Habitat. Several rhynchostomatian genera
how a distinct habitat preference. For instance, Trachelius
ccurs mainly in the periphyton, where it feeds predomi-
antly on peritrichs, while Pelagodileptus and Paradileptus
re restricted to the pelagial (Foissner et al. 1999); Monili-
aryon inhabits benthic mud (Foissner 1997; Foissner et al.
995), while Dimacrocaryon and Rimaleptus prefer terres-
rial biotopes (Foissner 1998). Periphyton-inhabiting protists
ave a number of features (e.g., pronounced flexibility of
he body) pre-adapting them for the exploitation of soil
Schönborn 1966). Schönborn’s model also shows that a
ariety of freshwater niches may be colonized from the
eriphyton, which is thus supposed to be the ancestral habi-
at, from which rhynchostomatians spread into the benthic,
elagic and soil environments.
Characters and genera not considered: The follow-
ng features were not included in the cladistic approach
ecause they are known only in a small portion of the species
r are merely relevant to intrageneric evolution: the pres-
nce/absence of a tail, the somatic ciliary pattern of the right
nd left side of the proboscis, ontogenetic peculiarities (e.g.,
resence/absence of a transient indentation in the prospective
ssion area), the fate of the parental degenerating macronu-
leus during conjugation (e.g., nodules fusing into a mass
hat degenerates or the nodules degenerating individually),
v
i
s
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he fate of the macronucleus during encystment (e.g., fusing
r not fusing), and resting cyst characteristics (e.g., cyst wall
tructure and presence/absence of escape apparatus).
Two genera,Teuthophrys andBranchioecetes, traditionally
ssigned to the dileptids, were excluded. Teuthophrys belongs
o the spathidiids (Foissner et al. 1999; Strüder-Kypke et al.
006), and Branchioecetes is still very poorly known (Kahl
931) and invalid because no type species was fixed (Article
3.3 of the ICZN 1999).
ennigian argumentation and morphological
rees
This is the first attempt to elucidate the morphological
volution of dileptids and tracheliids using both Hennig’s tra-
itional (i.e., manual) method (Fig. 3) and computer-based
tatistical methods, including Bayesian inference (BI) and
aximum parsimony (MP) algorithm (Fig. 4). As expected,
he cladograms generated by each approach are similar
ecause they are based on the same characters. The Hen-
igian argumentation tree provides better resolution among
he multinucleate family Dileptidae. The family Dimacro-
aryonidae is paraphyletic in cladograms generated by both
pproaches since we have been unable to identify a mor-
hological synapomorphy for Monomacrocaryon and the
imacrocaryon-Rimaleptus lineage.
Dileptids and tracheliids share the following synapomor-
hies: (i) a proboscis with a complex oral ciliature and (ii) at
east two dorsal contractile vacuoles. Based on the Hennigian
rgumentation, we propose that their last common ancestor
nherited the following plesiomorphies from the last common
rogenitor of the class Litostomatea: (i) a dikinetidal circum-
ral kinety; (ii) an oblong, unsegmented macronucleus; and
iii) a three-rowed, isoarchistichad dorsal brush. The pro-
oscis of the ancestor was most likely immobile and short,
.e., resembling that of Trachelius. This is also consistent
ith the maturation processes of the proboscis (Vd’acˇny´ and
oissner 2009).
The cladogram is based on 15 characters dividing rhyn-
hostomatians into two major lineages: (i) the monotypic
racheliida ord. n. containing the family Tracheliidae and
ii) the order Dileptida uniting the Dimacrocaryonidae fam.
. and the family Dileptidae. This deep split into two
rders is moderately to poorly supported with a posterior
robability (PP) of 0.62 and MP bootstrap values of 75%
Fig. 4).
Order Tracheliida. This order contains a single species,
rachelius ovum, which is defined by three apomorphies:
i) a club-shaped internal oral basket; (ii) a lateral fossa
ith specialized ciliature; and (iii) many scattered contractile
acuoles. The latter feature evolved at least two times con-
ergently, viz., in the Pelagodileptus–Paradileptus clade and
n some species of the genus Dileptus. Trachelius displays
everal old plesiomorphies inherited from the last common
ncestor of the class Litostomatea: (i) a dikinetidal circum-
304 P. Vd’acˇny´ et al. / European Journal of Protistology 47 (2011) 295–313
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hig. 3. Cladogram of ten rhynchostomatian genera generated by tra
ection on character states. Only apomorhpies are shown.
ral kinety; (ii) a three-rowed, isoarchistichad dorsal brush;
nd (iii) a short, immobile proboscis. Thus, this new order
iffers from the order Dileptida by several important mor-
hological traits, i.e., by the unique fossa, the structure of
he circumoral kinety (dikinetidal vs. hybrid), and the dorsal
rush pattern (isoarchistichad vs. anisoarchistichad).
Order Dileptida. This order unites nine genera, sharing
he following strong synapomorphies: (i) a hybrid circu-
oral kinety; (ii) an anisoarchistichad dorsal brush, and
ossibly in connection, (iii) a stripe barren of basal bod-
es on the left side of the proboscis. In both the Hennigian
rgumentation scheme and the morphological trees gen-
rated from statistical methods, there are three lineages
ithin this order (Figs 3, 4): (i) Monomacrocaryon with
n unsegmented macronucleus; (ii) Dimacrocaryon and
imaleptus with two macronuclear nodules; and (iii) a
arge clade comprising six genera having many macronu-
lear nodules. The first two lineages are united into the
amily Dimacrocaryonidae, while the third clade repre-
ents the family Dileptidae. A sister relationship of the
imacrocaryon–Rimaleptus clade and the family Dilepti-
ae is indicated by the segmented macronucleus consisting
f at least two nodules. Further, this relationship is
upported by a posterior probability of 0.86 and 66%P bootstrap. However, in the absence of a recognized
orphological synapomorphy for the genus Monomacro-
aryon and the Dimacrocaryon–Rimaleptus clade, we cannot
xclude the possibility that the relationship between the
(
t
c
Tal Hennigian argumentation. For character coding, see Table 2 and
imacrocaryon–Rimaleptus clade and the family Dileptidae
s an artefact.
Family Dimacrocaryonidae. This family is paraphyletic,
ontaining three genera (Dimacrocaryon, Monomacrocaryon
nd Rimaleptus), in both the Hennigian argumentation
cheme and the computer-generated cladograms (see above).
he classification of Monomacrocaryon within the family
imacrocaryonidae is based on the similarity of the nuclear
attern. The two macronuclear nodules of Dimacrocaryon
nd most Rimaleptus species are usually so close together
hat they appear as a single, oblong structure resembling
he macronucleus of Monomacrocaryon. Further, only these
hree genera have a single micronucleus which is, however,
ery likely a plesiomorphic feature.
The genera Dimacrocaryon and Rimaleptus likely descend
rom a common ancestor inhabiting terrestrial habitats
Figs 3, 4). This is also the most parsimonious explanation
or the pronounced similarities in the nuclear apparatus (two
acronuclear nodules with a single micronucleus in between)
nd the oral as well as the somatic ciliature (dileptid oral cil-
ary pattern and a two-rowed dorsal brush). However, the oral
pparatus of the genus Dimacrocaryon deviates not only from
hat of Rimaleptus but also from that of all other dileptids, in
aving (i) an oral basket lined with highly refractive granules;
ii) a hardly protruding oral bulge; and (iii) a narrowly ellip-
ical oral bulge opening. The latter feature probably evolved
onvergently as explained in the description of the characters.
he cladograms suggest that the peculiarities of the oral appa-
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Fig. 4. Phylogenetic tree of ten rhynchostomatian genera inferred from 15 characters using the genus Spathidium as the outgroup. Two
methods (Bayesian inference and maximum parsimony) were used to construct the tree, both resulting in the same topology. Nodal supports
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he scale bar indicates the fraction of substitutions per site.
atus of Dimacrocaryon arose relatively recently. The single
pomorphy of Rimaleptus is the short, bulbous internal oral
asket.
Family Dileptidae. The monophyly of the family Dilep-
idae is supported by two apomorphies: (i) more than three
orsal brush rows and (ii) four or more macronuclear nodules.
urther, it is moderately supported by Bayesian interference
0.93 PP) and by the 71% MP bootstraps (Fig. 4). However,
he internal relationships of the family Dileptidae were rather
oorly resolved in the computer-generated trees. Therefore,
e refer here mainly to the cladogram created by traditional
ennigian argumentation, where we recognized two separate
ranches: the Monilicaryon and the Dileptus branch (Fig. 3).
The Monilicaryon branch unites four genera, exhibiting
moniliform macronuclear strand of at least four nod-
les. They form two clades which differ mainly in the
ral ciliary pattern: Pseudomonilicaryon and Monilicaryon
aintained the plesiomorphic state, while Paradileptus and
elagodileptus each evolved an additional perioral kinety.
he monilicaryonid and paradileptid pattern can be derived
rom that ofPseudomonilicaryon (Fig. 5). The single apomor-
hy of the first clade is the dorsal stripe of contractile vacuoles
hat very likely evolved convergently, for instance, in the
imacrocaryonidae. The important cladistic characteristics
f the mud-inhabiting Monilicaryon are: (i) a perioral-like
inety left of the oral bulge formed by linearly arranged
reoral kineties and (ii) a dorsal brush composed of sev-
ral kineties which appear as a single, fragmented row. In
he computer-generated trees, Monilicaryon was sister to the
e
a
2
2bootstrap values for the maximum-parsimony (MP) analysis shown
ing and distribution of characters among taxa, see Tables 2 and 3.
ileptus branch. However, this node is only very poorly sup-
orted (0.50 PP). The genus Pseudomonilicaryon lacks a
istinct apomorphy, except possibly the preferred soil envi-
onment. The Paradileptus–Pelagodileptus clade is strongly
upported by three apomorphies: (i) right branch of the cir-
umoral kinety accompanied by two perioral kineties side by
ide; (ii) many scattered contractile vacuoles and (iii) a plank-
onic way of life. Further, this clade is strongly supported by
ll statistical analyses (0.95 PP, 90% MP). Pelagodileptus
volved a very narrowly elliptical oral bulge opening, while
aradileptus broadened the left half of the proboscis base
o a dish-like platform taking along the oral bulge and the
ulge opening which became inverted and laterally located
Fig. 5).
The apomorphy of the Dileptus branch is the nuclear
attern, i.e., many macronuclear nodules and several
icronuclei scattered throughout the cytoplasm. The mono-
hyly of this clade is strongly to moderately supported by
ayesian inference (0.93 PP) and by the 75% MP boot-
traps (Fig. 4). This clade comprises two genera: Dileptus and
podileptus, which are distinguishable only during binary
ssion. In Dileptus each macronuclear nodule divides indi-
idually, while in Apodileptus the multinucleate condition
esults from fragmentation of an extensive reticulum into
ultiple nodules after division (Fig. 2). The latter modevolved convergently in several distantly related haptori-
ns, for instance, in Spathidium turgitorum (Foissner et al.
002) and Fuscheria uluruensis (Gabilondo and Foissner
009).
306 P. Vd’acˇny´ et al. / European Journal of Protistology 47 (2011) 295–313
Fig. 5. Supposed evolution of the oral ciliary patterns and body shapes from a Pseudomonilicaryon-like ancestor. CK – circumoral kinety,
CV – contractile vacuoles, MA –moniliform macronuclear strand, OO – oral bulge opening, PE (I + II) – perioral kinety (1 and 2), PE* –
perioral-like kinety, PR – preoral kineties.
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mall subunit rRNA gene sequences
The 18S rRNA gene of eight species from all main rhyn-
hostomatian lineages is only about 1640 nucleotides long,
ignificantly shorter than that of other ciliates, because of
eletions in the helices 23-1, 23-8, 23-9, and deletion of the
ntire helix 23-5. This is also typical for all other litosto-
atean sequences (Leipe et al. 1994; Strüder-Kypke et al.
006; Vd’acˇny´ et al. 2011; Wright and Lynn 1997a, 1997b;
right et al. 1997). The level of intraspecies sequence vari-
tion is relatively low with an average of 0.23% (Table 1).
e assume that this small difference results from intraspe-
ific variation and sequencing errors. The most dissimilar is
rachelius ovum, showing an average pairwise difference of
.5% to the dileptids. The average pairwise difference among
epresentatives from the order Dileptida is 2.1%.
olecular phylogeny
The monophyly of the class Litostomatea is fully supported
n all analyses performed. Dileptids and tracheliids consis-
ently form a clade, the subclass Rhynchostomatia, as already
uggested by Jankowski (1980). The Rhynchostomatia are
ister to the subclass Haptoria including the Trichostomatia.
his deep split within the Litostomatea is fully sustained by
ll four methods (Fig. 6).
In all analyses, Trachelius ovum is sister to all other rhyn-
hostomatians, i.e., dileptids. This node is fully supported by
ayesian inference and strongly supported by the 98% ML,
7% MP and 99% NJ bootstrap values (Fig. 6), justifying,
ogether with three strong morphological apomorphies (see
Morphological section”), the establishment of a new order,
racheliida. Such high ranking is also suggested by various
orphological peculiarities described in the morphological
ection. All other rhynchostomatians form a monophylum,
he order Dileptida (Figs 6, 7). All analyses consistently
epict two clusters within this order, viz., the family Dimacro-
aryonidae (1.00 PP, 97% ML, 79% MP, and 90% NJ) with
ne or two macronuclear nodules and a single micronu-
leus, and the family Dileptidae (0.87 PP, 70% ML, 52%
P, and 86% NJ) with at least four macronuclear nod-
les and many micronuclei (Fig. 7). As concerns the family
imacrocaryonidae, the binucleate genus Rimaleptus seems
o be paraphyletic because R. microstoma does not cluster
ogether with R. mucronatus, which forms a clade together
ith Monomacrocaryon terrenus instead (Figs 6, 7). The
nternal relationships of the family Dileptidae are very poorly
esolved in all analyses, as there is a basal polytomy that is
uggestive of a radiation event (Figs 6, 7).
The subclass Haptoria including the endocommensal Tri-
hostomatia is monophyletic in all analyses, consistent with
ao et al. (2008), Pan et al. (2010), Strüder-Kypke et al.2006, 2007), and Vd’acˇny´ et al. (2010, 2011). The branch-
ng pattern within the haptorians is not well resolved and
ost nodes are only poorly supported, which may be due to
ndersampling of haptorian genera. However, monophylies
c
T
w
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f the order Lacrymariida (Lacrymaria marina and Phialina
alinarum) and the order Pleurostomatida (Amphileptus
pp., Litonotus paracygnus, Loxophyllum spp., and Sirolox-
phyllum utriculariae) are fully supported in all trees.
nchelyodon sp. and Didinium nasutum branch basal to
he pleurostomatid clade. The order Spathidiida, including
ere Arcuospathidium muscorum, A. cultriforme, Spathidium
pp., Epispathidium papilliferum, and Teuthophrys trisulca
fricana, gains very strong support in the Bayesian tree (0.97
P), while is only poorly supported in the maximum likeli-
ood and maximum parsimony analyses (Fig. 6).
The subclass Trichostomatia is monophyletic with full sup-
ort from three methods (1.00 PP, 100% ML and 100% MP)
nd very strong bootstrap support from the distance anal-
sis (99% NJ). The trichostomatians branch rather deeply
ithin the subclass Haptoria where they cluster together with
he haptorian Epispathidium papilliferum in the BI, ML, and
P trees, while they form a separate lineage within the basal
olytomy in the NJ analysis (Fig. 6). Balantidium coli is sister
o all other trichostomatians which are classified into three
istinct groups, viz., the orders Macropodiniida (Macropo-
inium yalabense, Bitricha tasmaniensis, Bandia cribbi, and
mylovorax dehorityi), Entodiniomorphida (Diplodinium
entatum, Entodinium caudatum, Eudiplodinium maggii,
nd Ophryoscolex purkynjei), and Vestibuliferida (Isotricha
ntestinalis and Dasytricha ruminantium).
omparison of morphological and molecular
rees
The morphological trees are basically congruent with those
ased on the 18S rRNA gene sequences, especially in that
he genus Trachelius is sister to dileptids, and the order
ileptida as well as the multinucleate family Dileptidae
re monophyletic. The family Dimacrocaryonidae is mono-
hyletic in the molecular trees, while paraphyletic in the
orphological analyses. This discrepancy is caused by the
ack of morphological synapomorphies for the genus Mono-
acrocaryon and the Dimacrocaryon–Rimaleptus clade.
ccordingly, the basal position of Monomacrocaryon within
he order Dileptida in the morphological trees is very likely
rtificial. The molecular data indicate that the unsegmented
acronucleus of Monomacrocaryon terrenus evolved from
binucleate state by fusion of the macronuclear nodules
nd not vice versa as suggested by morphological phyloge-
ies. The cladistic classification of the Dimacrocaryonidae
s rather uncertain, but the “typical” nuclear pattern and
he usually only two-rowed dorsal brush, are a tempting
ndication that such dileptids form a distinct evolutionary
ineage. Further, dimacrocaryonid dileptids consistently clus-lade in morphological cladograms and molecular trees.
hus, the establishment of the Dimacrocaryonidae is justified
hen evolutionary classification is used, as recommended by
örandl (2006) and Hörandl and Stuessy (2010).
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Fig. 6. Small subunit rRNA gene phylogeny based on 1442 nucleotide characters of 37 litostomatean taxa. The three was constructed using
four methods (Bayesian inference, maximum likelihood, maximum parsimony, and neighbour-joining) with GTR + I + Γ substitution model
and the variable-site gamma distribution shape parameter at 0.4900, the proportion of invariable sites at 0.6460, and a rate matrix for the model
as suggested by Modeltest. Posterior probabilities (PP) for the Bayesian inference and bootstrap values for the maximum-likelihood (ML),
maximum-parsimony (MP), and neighbour-joining (NJ) analyses are shown at nodes (a dash indicates values below 0.50 or 50%, respectively).
Sequences in bold were obtained during this study. The scale bar indicates two substitutions per one hundred nucleotide positions.
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Fig. 7. Small subunit rRNA gene phylogeny based on 1635 nucleotide characters of nine rhynchostomatian taxa. Four methods (Bayesian
inference, maximum likelihood, maximum parsimony, and neighbour-joining) were used to construct the tree, all resulting in a very similar
topology. Posterior probabilities (PP) for the Bayesian inference and bootstrap values for the maximum-likelihood (ML), maximum-parsimony
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esolution at the base of the class Litostomatea
According to Lynn (2008), the class Litostomatea includes
wo morphologically and ecologically different subclasses.
he subclass Haptoria Corliss, 1974 comprises free-living
redators with toxicysts, while the subclass Trichostoma-
ia Bütschli, 1889 unites endosymbionts without toxicysts.
ileptids and tracheliids were traditionally assigned to the
aptoria because their overall morphology and way of life are
imilar to many other members of this subclass, especially,
o spathidiids (Corliss 1979; Foissner and Foissner 1988;
ynn 2008). Moreover, dileptids were considered as mor-
hologically highly derived and possibly originating from
spathidiid ancestor by development of a proboscis with a
omplex ciliature (Xu and Foissner 2005). This assumption
as also corroborated by the formation of various spathidiid
ody shapes and ciliary patterns during ontogenesis and con-
ugation of dileptids (Vd’acˇny´ and Foissner 2008a, 2009).
hus, it was surprising when molecular phylogenies sug-
ested a sister relationship between rhynchostomatians (i.e,
ileptids and tracheliids) and all other litostomateans (i.e.,
aptorians and trichostomatians). This deep bifurcation of
he Litostomatea and morphological apomorphies of main
itostomatean lineages have been extensively discussed by
d’acˇny´ et al. (2010, 2011).
Our phylogenetic analyses show that there are not two but
hree subclasses within the Litostomatea: Rhynchostomatia,
aptoria, and Trichostomatia. The subclass Rhynchostoma-
ia unites Tracheliida and Dileptida, all free-living predators
ith a proboscis that carries a complex oral ciliature com-
rising a circumoral kinety, a perioral kinety and preoral
ineties. The oral opening of rhynchostomatians is located
entrally, that is, at the base of the proboscis. The subclass
i
d
oates values below 0.50 or 50%, respectively). The scale bar indicates
aptoria maintained the ancestral predatory way of life and
volved from the last common ancestor of the Litostomatea
y polarization (apicalization) of the body, causing the oral
pening to become located more or less apically or dorsally
nd the oral ciliature to be simplified, i.e., the preoral kineties
ere lost (Vd’acˇny´ et al. 2010, 2011; Xu and Foissner 2005).
he subclass Trichostomatia originated from a microaero-
hylic haptorian by further simplification of the oral ciliature,
ossibly associated with their endosymbiotic lifestyle. Thus,
he subclasses Haptoria and Trichostomatia display obvi-
us trends towards simplification of oral structures, which
ven resulted in a loss of the dikinetidal circumoral kinety in
nchelyine haptorids and in all trichostomatians (Vd’acˇny´ et
l. 2010, 2011).
axonomic Summary
We redefine the subclass Rhynchostomatia, the order
ileptida, and the family Dileptidae. Further, we establish
new order Tracheliida, a new family Dimacrocaryonidae,
nd two new genera, Apodileptus and Monomacrocaryon.
ileptus microstoma Vd’acˇny´ and Foissner, 2008b and
. mucronatus Penard, 1922 are transferred to the genus
imaleptus Foissner, 1984 because of the two macronuclear
odules and the well developed oral basket lacking highly
efractive granules (Table 1).
ubclass Rhynchostomatia Jankowski, 1980Improved diagnosis: Litostomatea with body partitioned
nto proboscis and trunk with or without tail. At least two
orsal contractile vacuoles. Oral bulge opening ventral at base
f proboscis. Oral ciliary pattern complex, i.e., right branch
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f circumoral kinety accompanied by at least one perioral
inety, left branch by many oblique preoral kineties or a single
erioral-like kinety.
Type order: Dileptida Jankowski, 1978.
Etymology:Not given in original description. Derived from
he Greek noun rhynchos (proboscis) and the Latin noun
toma (mouth), obviously referring to the oral bulge opening
t the base of the proboscis.
Remarks: Jankowski (1980) originally described this sub-
lass under the name Rhynchostomata. Here, we resurrect
his name and change its suffix to -ia, as usual for ciliate
ubclasses (Lynn 2008). Based on both morphological and
olecular data, we recognized two orders within the sub-
lass Rhynchostomatia: Tracheliida ord. n. and Dileptida
ankowski, 1978. Tracheliids are easily distinguished from
ileptids in vivo by body shape (broadly ovoidal vs. narrow
o rod-like) and the presence (vs. absence) of a lateral fossa.
urther, the proboscis of the tracheliids is immobile and short,
nd thus less conspicuous than that of the dileptids.
racheliida ord. n.
Diagnosis: Body broadly dileptid. Proboscis immobile or
nly slightly mobile, with dorsal side distinctly shorter than
entral one. Distinct groove (fossa) on right side containing
nd surrounded by condensed somatic ciliature. Dorsal brush
hree- to four-rowed and isoarchistichad. Circumoral kinety
ikinetidal throughout. Internal oral basket clavate.
Type family: Tracheliidae Ehrenberg, 1838.
Etymology: Composite of the stem of the generic name
rachelius and the order suffix -ida. The name Trachelius is
robably derived from the Greek noun trachelos (neck).
Remarks: Here we confine the order Tracheliida to the
amily Tracheliidae, containing only one species, Trachelius
vum. For detailed description of this species, see Foissner
t al. (1995).
rder Dileptida Jankowski, 1978
Improved diagnosis: Body broadly to rod-like dileptid,
arely rostrate. Proboscis agile, with ventral and dorsal
ide of similar length. Dorsal brush two- or multi-rowed
nd anisoarchistichad. Circumoral kinety hybrid, i.e., oral
ikinetids in proboscis and monokinetids around oral bulge
pening. Internal oral basket bulbous or obconical.
Type family: Dileptidae Jankowski, 1980.
Etymology: Composite of the stem of the generic name
ileptus and the order suffix -ida. The name Dileptus is
erived from the Greek numeral di (two) and the Greek adjec-
ive leptos (thin, slender), referring to the two narrowed body
nds.
Remarks: The order Dileptida comprises two families,
imacrocaryonidae and Dileptidae, differing, especially, by
he nuclear apparatus: one or two macronuclear nodules in
he former while at least four nodules in the latter.
D
a
crotistology 47 (2011) 295–313
imacrocaryonidae fam. n.
Diagnosis: Dileptida with macronucleus in one or two nod-
les. Dorsal brush typically two-rowed, rarely multi-rowed.
ral apparatus dileptid.
Type genus: Dimacrocaryon Jankowski, 1967.
Etymology: Composite of the stem of the generic name
imacrocaryon and the family suffix -idae. The name
imacrocaryon is derived from the Greek numeral di (two),
he adjective makros (large), and the noun karyon (nucleus),
eferring to the two macronuclear nodules.
Remarks: The family Dimacrocaryonidae com-
rises three genera: Dimacrocaryon Jankowski, 1967;
imaleptus Foissner, 1984; and Monomacrocaryon
en. n.
onomacrocaryon gen. n.
Diagnosis: Dimacrocaryonidae with oblong to cylin-
roidal macronucleus. Dorsal brush usually multi-rowed.
ral basket bulbous or obconical.
Type species: Monomacrocaryon terrenus (Foissner, 1981)
omb. n., basionym: Dileptus terrenus Foissner, 1981.
Etymology: Composite of the Greek numeral mono (one),
he adjective makros (large), and the noun karyon (nucleus),
eferring to the unsegmented macronucleus. Neuter gender.
Further species assignable: Monomacrocaryon tenue
Penard, 1922) comb. n., basionym: Dileptus tenuis Penard,
922; Monomacrocaryon gigas (Claparède and Lachmann,
859) comb. n., basionym: Amphileptus Gigas Claparède
nd Lachmann, 1859; Monomacrocaryon polyvacuolatum
Foissner, 1989) comb. n., basionym: Dileptus polyvacuo-
atus Foissner, 1989.
Remarks: Monomacrocaryon differs from all rhynchos-
omatians, except for Trachelius, by the unsegmented
acronucleus. Monomacrocaryon is distinguished from Tra-
helius by the narrow body without lateral fossa (vs. broad
ith lateral fossa) and the oral ciliature (hybrid vs. dikinetidal
ircumoral kinety). Beginners may confuse Monomacro-
aryon with Rimaleptus, in which the two macronuclear
odules are usually close together or sometimes abutting,
hus appearing as a single, oblong structure.
amily Dileptidae Jankowski, 1980
Improved diagnosis: Dileptida with macronucleus in at
east four moniliform or scattered nodules. Dorsal brush typ-
cally composed of more than three rows, rarely of one or two
ows. Oral apparatus dileptid or paradileptid.
Type genus: Dileptus Dujardin, 1841.
Etymology: Composite of the stem of the generic name
ileptus and the family suffix -idae.
Remarks: Jankowski (1980) briefly diagnosed the family
s follows: “with agile proboscis different from that of Tra-
helius”. We add the characters of the nuclear apparatus and
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iliary pattern. The family Dileptidae comprises six genera:
ileptus Dujardin, 1841; Apodileptus gen. n.; Pseudomonili-
aryon Foissner, 1997; Monilicaryon Jankowski, 1967;
aradileptus Wenrich, 1929; and Pelagodileptus Foissner
t al., 1999.
podileptus gen. n.
Diagnosis: Dileptidae with many scattered macronuclear
odules fusing in a single mass during ontogenesis.
Type species: Apodileptus visscheri (Dragesco, 1963)
omb. n., basionym: Dileptus visscheri Dragesco, 1963.
Etymology: Composite of the Greek prefix apo (derived
rom) and the generic name Dileptus, referring to the
ileptus-like general organization. Masculine gender.
Remarks: Redescription of A. visscheri including its
uclear cycle will be published soon in our mono-
raph on dileptids. Fusion of the macronuclear nodules
s the ordinary state in dividing bimacronucleate and
onilimacronucleate species (e.g., Paradileptus ovalis and
seudomonilicaryon brachyproboscis; Vd’acˇny´ and Foissner
009; Wenrich 1929), while in multimacronucleate species
e.g., D. anatinus, D. jonesi, D. margaritifer) the nod-
les divide individually (Hayes 1938; Jones 1951; Golin´ska
971). Thus, Apodileptus visscheri, in which the individual
odules fuse during cell division, is a conspicuous exception,
ustifying separation at genus level. An analogy exists in the
ypotrichs, where the Pseudokeronopsinae are defined by the
ndividually dividing macronuclear nodules (for a review, see
erger 2006).
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